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METHOD OF USING A TOOL TO FORM ANGLED ORIFICES IN A 

METERING ORIFICE DISC 

Field of Invention 

[0001] This invention relates generally to a method of using a punch tool to form an orifice 
oriented at an angle less than 90 degrees with respect to a planar surface of a metering disc. 

Background of the Invention 

[0002] It is believed that contemporary fuel injectors must be designed to accommodate a 
particular engine, not vice versa. The ability to meet stringent tailpipe emission standards for 
mass-produced automotive vehicles is at least in part attributable to the ability to assure 
consistency in both shaping and aiming the injection spray or stream, e.g., toward an intake an 
valve (or valves) or into a combustion cylinder. Wall wetting should be avoided, r 
[0003] Because of the large number of different engine models that use multi-point^ fuel injectors, 
a large number of unique injectors are needed to provide the desired shaping and aiming of the 
injection spray or stream for each cylinder of an engine. To accommodate these demands, fuel 
injectors have heretofore been designed to produce straight streams, bent streams, split streams, 
and split/bent streams. In fuel injectors utilizing thin disc orifice members, such injection patterns 
can be created solely by the specific design of the thin disc orifice member. This capability offers 
the opportunity for meaningful manufacturing economies since other components of the fuel 
injector are not necessarily required to have a unique design for a particular application, i.e. many 
other components can be of common design. 

[0004] It is believed that known orifices can be formed in the following manner. A flat metering 
disc is formed with an orifice that extends generally perpendicular to the flat metering orifice disc, 
i.e., a "straight" orifice. In order to achieve a bending or split angle, i.e., an angle at which the 
orifice is oriented relative to a longitudinal axis of the fuel injector, the orifice can be formed by 
punching at an oblique angle relative to the longitudinal axis to provide an "angled orifice," i.e., an 
orifice angled with respect to the planar surface of the metering disc or a longitudinal axis 
extending perpendicularly between the flat surfaces of the disc. 
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[0005] It is believed that a known punch tool is formed of carbide and has a cylindrical body 
extending along a tool axis with a generally planar surface at a working end of the punch tool. The 
tool axis can be oriented at an angle oblique to the workpiece surface and a punching force can be 
applied to the punch along the tool axis so that the punch can penetrate through a blank workpiece. 
While the known punch tool has acceptable performance during the punching of a cylindrical 
orifice normal to the workpiece surface, the known punch tool has been observed to provide a less 
than desirable performance when the punch tool is used to form orifices extending oblique to the 
surface of the workpiece. In particular, the generally planar surface at the working end of the tool 
tends to break during the punching process. Even if the punch tool does not break during the 
angled orifice punching process, the punch tool may skip, slide, or deflect upon impact with the 
surface of the workpiece and therefore could cause the workpiece to be damaged and discarded. 
Further, the skipping, sliding, or deflecting of the punch could cause the workpiece to move 
laterally or vertically. To avoid the movements of the workpiece, a complex workpiece retention 
arrangement is utilized to ensure that the workpiece is stationary relative to a support surface. 
[0006] Therefore, it would be desirable to provide for a punch tool that would have greater 
durability during the punching process for an angled orifice without resorting to complex or costly 
attempts in maintaining the same tool design or die design. Such attempts may include 
manufacturing the tool using exotic metals or an elaborate alignment and retention jig. It would 
also be desirable to provide for a punch tool that avoid skipping, sliding, or deflecting of the 
known punch tool during impact with a blank work strip. 

Summary of the Invention 

[0007] The present invention provides for a method of using a tool to form an orifice through a 
workpiece. The workpiece has first and second generally planar surfaces spaced apart along a 
longitudinal axis. The method can be achieved by preventing lateral movement of a workpiece; 
extending a tool into the volume of material between the first and second generally planar surfaces 
of the workpiece to form first and second impressions in sequence, the first and second 
impressions being spaced apart about the longitudinal axis so that the first impression forms a first 
orifice wall extending between the first and second generally planar surfaces at an acute angle with 
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respect to the first generally planar surface; and penetrating through the first generally planar 
surface to the other generally planar surface. 

[0008] The present invention provides for a method of using a tool to form an orifice through a 
workpiece. The workpiece has first and second generally planar surfaces spaced apart along a 
longitudinal axis. The method can be achieved by preventing lateral movement of a workpiece; 
and forming first and second impressions in sequence in the volume of material between the first 
and second generally planar surfaces of the workpiece, the first and second impressions being 
spaced apart about the longitudinal axis so that the first impression forms a first orifice wall 
extending between the first and second generally planar surfaces at an acute angle with respect to 
the first generally planar surface. 

Brief Description of the Drawings 

[0009] The accompanying drawings, which are incorporated herein and constitute part of this 
specification, illustrate presently preferred embodiments of the invention, and, together with the 
general description given above and the detailed description given below, serve to explain features 
of the invention. 

[0010] Figure 1 A is a cross-sectional view of a punch tool and a workpiece according to a 
preferred embodiment of the present invention. 

[0011] Figure IB is a close-up cross-sectional view of the punch tool of Figure 1 A. 

[0012] Figure 1C is a planar view of the working end of the preferred embodiment of the punch 

tool of Figure 1A. 

[0013] Figure 2 is an isometric view of the working end of the preferred embodiment of the punch 
tool of Figure 1A. 

[0014] Figure 3 is a cross-sectional view of a known punch tool and workpiece at a position prior 
to impact of the tool on the workpiece. 

[0015] Figure 4A is a cross-sectional view of the punch tool of the preferred embodiment prior to 
impact of the preferred embodiment of the punch tool on the workpiece. 
[0016] Figure 4B illustrates a cross-sectional view of a pilot portion of the working end as it 
penetrates the surface of the workpiece. 
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[0017] Figure 4C illustrates in an isometric view of the formation of the orifice in Figure 4B 
without the preferred punch tool to show the particular characteristics of the orifice at the initial 
penetration stage of the preferred punch. 

[0018] Figure 4D illustrates a cross-sectional view of the penetration of the workpiece by various 
portions of the working end of the preferred embodiment of the punch tool. 
[0019] Figure 4E illustrates the formation of the orifice in Figure 4D in an isometric view without 
the punch tool in order to illustrate the particular characteristics of the orifice at this stage of the 
punching process. 

[0020] Figure 4F illustrates a cross-sectional view of the penetration of the workpiece by various 
portions of the working end of the preferred embodiment of the punch tool. 
[0021] Figure 4G illustrates the formation of the orifice in Figure 4D in an isometric view without 
the punch tool in order to illustrate the particular characteristics of the orifice at this stage of the 
punching process. 

Detailed Description of the Preferred Embodiment 

[0022] Figures 1 A-C, 2, and 4 illustrate the preferred embodiment. In particular, Figure 1 
depicts a punch tool 100 oriented at an angle 9 with respect to a longitudinal axis Y-Y of a 
workpiece 20. The workpiece 20 has a first surface 30 and a second surface 40 that are preferably 
planar and parallel to each other and separated by a distance from .003 inches to 0.010 inches. In 
a preferred embodiment, the punch tool 100 can be formed from hardened tool steel and the 
punch tool 100 can be oriented at any one of an angle from three degrees to thirty degrees (3° - 
30°). In another preferred embodiment, tool steel or carbide with lubricity-enhancing or implanted 
coatings can be used to facilitate the punching process. Preferably, the workpiece 20 is of 
stainless steel blank strip with a thickness between the first and second surfaces 30, 40 of 
approximately 0.006 inches. 

[0023] Referring particularly to Figures 1 A, IB, 1C and 2, the punch tool 100 has a body portion 
10 and a punching end 12. The body portion 10 can be an elongated member with a suitable 
cross-section, such as, for example, a circle, a rectangle, a square or an oval. The body portion 10 
of the punch tool 100 can extend along the tool axis A- A over a distance L { between a first tool 
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end 12a and a second tool end 12b (Fig. 1 A). The body portion 10 preferably has a diameter L2 of 
approximately 0.010 inches. Referring to Figures 1 A and IB, the second tool end 12b includes a 
pilot portion 14, a transition portion 16 and a main portion 18. Preferably, the elongated member 
has a circular section approximately a tool axis A- A (Fig. 1C). It is noted that in the following 
description, any reference to the dimensions should be understood to be the dimensions of the 
preferred embodiment with variations due to acceptable tolerances of these dimensions that will 
allow the preferred embodiment to function for its intended purpose in punching angled orifices 
and achieving specific orifice sizes or areas. 

[0024] There are a number of design characteristics of the punch tool 100 that are believed to be 
advantageous in forming an angled orifice. Of particular emphasis are the pilot portion 14, 
transition portion 16 and main portion 18. The pilot portion 14 preferably has a semi-circular 
cross-sectional area disposed on a first virtual extension plane 15a and designate as a pilot area A i4 
with a distance L i4 . The main portion 18 is obliquely with respect to disposed second virtual 
extension plane 15b and preferably includes a semi-circular cross-section designated as a main 
area Ai 8 with a distance Li 8 . The transition portion 16 preferably includes curvilinear segments 
16c and 16d of a truncated ellipse being disposed on a third virtual extension plane 15c. 
[0025] The pilot portion 14 extends over a distance L 3 of about 0.020 inches from the outermost 
edge of the main portion 18. The distance L4 between the pilot portion 14 and the farthest 
perimeter of the main portion 18 with respect to the pilot portion 14 is approximately 0:009 
inches. The radius R i4 of the punch tool is approximately 0.005 inches with a chord Q 4 located at 
approximately 0.0039 inches from the tool axis A-A when the chord C l4 is projected to a first 
virtual plane 15a contiguous to the surface area Ah, as seen in Figure 1C A distance between 
chord Cig of the main portion 18 to the geometric center of the punch tool 100 is approximately 
0.0006 inches when the chord Ci 8 and the center are projected onto second virtual plane 15b, as 
seen in Figure 1C; a cut-back angle X of the main portion 18 is approximately 3 degrees with 
respect to the second virtual plane 15b. 

[0026] The pilot portion 14 preferably has a pilot surface area A 14 offset and generally orthogonal 
to the tool axis A-A of approximately 1.88xl0~ 5 square inches. As used herein, the term "offset" 
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denotes that portions of the tool described herein do not intersect the tool axis A-A. Preferably, 
the main portion 18 is offset to the tool axis A-A with a main surface area An of approximately 
3.36x10° square inches or approximately 1.8 times the pilot area A14. 

[0027] The surface area 16a of the transition portion 16 is disposed on the third plane 15c extends 
from the pilot portion 14 to the main portion 18 at a transition angle a of between 10 to 30 degrees 
as referenced to the first virtual extension plane 15a of the penetrating surface A M (Figures 1C and 
2). Preferably, the transition portion 16 extends through the tool axis A-A with the transition angle 
a of approximately twenty-six (26°) degrees as referenced to the first virtual extension plane 15a 
and the cut-back angle X is approximately ten percent of the transition angle a. 
[0028] The design characteristics of the punch tool 100 are believed to be advantageous in 
forming angled orifices. In particular, because the pilot portion 14 is connected to the main 
portion 18 with the transition portion 16 at approximately 26 degrees, a juncture 17 (Fig. 4A) 
formed by an intersection of the pilot area A i4 and the transition area 16a to allow the juncture 17 
to initially contact the surface of the workpiece 20. It is believed that this design characteristic of 
the tool 100 reduces the moment being applied to the punch tool 100, thereby tending to reducing 
the skipping or deflection of the tool 100. Furthermore, because the surface area A i4 of the pilot 
portion is approximately sixty percent of the main area A i8 , the pilot portion 14 can apply a higher 
penetrating pressure to the workpiece 20. It is believed that this design characteristic permits the 
punch tool 100 to be guided deeper into the impact surface of the workpiece 20 prior to an actual 
cutting of the material of the workpiece 20. That is, by providing a pilot area of approximately 
sixty-percent to that of the main area, the punching force Fp is concentrated over a smaller area on 
the workpiece 20, thereby allowing the pilot portion 14 to securely penetrate into the workpiece 
20. 

[0029] Empirical evaluation has shown that the punch tool 100 reduces the rate of failure by ten 
times as compared to the known punch tool 200. As used herein, the term "failure" denotes 
damage either to the blank workpiece or to the punch tool such that either one may not be suitable 
for use as a metering orifice disc or a punch tool. 
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[0030] Figures 3 and 4A-4G are provided to graphically demonstrate the benefits of these design 
characteristics of the preferred embodiment of the punch tool 100. In particular, Figures 3 and 4 A 
illustrate that the preferred embodiment can reduce a moment or side loading as the punch tool 
100 is being used to penetrate through the workpiece 20. In Figure 3, the known punch tool 200 is 
depicted as being applied with a force Fp through a tool axis A-A of the known tool 200. The 
known tool 200 is also depicted at a position where an edge portion 200a is contiguous with the 
surface 30 of the workpiece 20. At this edge portion 200a, a pivoting edge can be formed by the 
known punch tool 200 that tends to rotate the tool 200 with a clockwise moment arm Mi, which is 
approximately equal to the force Fp acting through an engaged radius R (where Rioo being the 
maximum radius) as a function of the angle 9 and the progression of the punch through the 
workpiece. In contrast, as depicted in Figure 4 A, the juncture 17 of the punch tool 100 of the 
preferred embodiment permits a smaller clockwise moment arm M 2 to be generated approximately 
a pivoting edge formed between the juncture 17 and the surface 30 of the workpiece. Thus, the 
smaller clockwise moment arm M 2 of the preferred embodiment tends to reduce side loading, 
deflection or skipping of the punch tool — as compared to the clockwise and larger moment arm 
Mi of the known punch tool 200. 

[0031] Moreover, the ratio of surface area of the pilot portion 14 as compared to the main portion 
18 is believed to be advantageous because the punching force Fp is delivered over a smaller 
surface area of the pilot portion, thereby allowing the punch tool 100 to penetrate deeper into the 
surface 20 before a substantial amount of material removal takes place via the main portion 18 
(Fig. 4C). As the punch tool 100 penetrates deeper into the material of the workpiece 20, the cut- 
back angle X of the main portion 18 is believed to permit the punch tool 100 to be further secured 
to the workpiece, thereby reducing the propensity of the tool to skip, slide, or deflect despite the 
presence of a third clockwise movement M 3 (Fig. 4B) generated by the main portion 18. 
[0032] In order for the punch tool 100 to penetrate the surface 30 of the workpiece 20 to form the 
angled orifice 50, the workpiece 20 must remain stationary via a preferred retention arrangement. 
To illustrate the advantages of the preferred retention arrangement, however, it is necessary to 
provide a brief description of the known arrangement as follows. 
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[0033] In the known punch tool and clamping arrangement, it has been observed that the 
workpiece has a propensity to move vertically or laterally with respect to the axis Y-Y upon the 
penetration and withdrawal of the known punch tool 200. To prevent such movement, the known 
clamping arrangement is designed to apply a clamping or spring force to the top surface of the 
workpiece along the longitudinal axis Y-Y against a support surface 112. By virtue of the vertical 
clamping force via a stripper plate (not shown for clarity as the stripper plate is known to those of 
ordinary skill in the art), the workpiece is prevented from moving vertically along the axis Y-Y 
away from the support surface 112. And by virtue of the vertical clamping force and coefficient of 
friction of the bottom surface 40 of the workpiece relative to the support surface 112 (Figure 4 A), 
the workpiece 20 is prevented from moving laterally and vertically. Thus, the known clamping 
arrangement prevents vertical movements with some degree of lateral movements permitted. 
[0034] In contrast to the known clamping arrangement, the preferred workpiece retention 
arrangement prevents lateral movements and vertical movements. As illustrated pictorially in 
Figure 4 A, two or more stop members 1 10 positively abutting against the side surfaces of the 
workpiece 20 can be used to additionally prevent the slightest lateral movement of the workpiece 
20. The advantages of the retention arrangement are believed to be due to the ability of the punch 
tool 100 to penetrate the surface 30 of the workpiece in a single operation without the tool 100 or 
workpiece 20 sliding, skipping or otherwise causing the workpiece 20 to bounce or move away 
from the support surface 112. Alternate arrangements other than the preferred stop member 
arrangement can also be utilized. For example, a holder disposed on support surface 1 12 to 
support the second surface 40 and the lateral sides of the workpiece, comically shaped spikes can 
be formed on the support surface 1 12 that engage the bottom surface 40 of the workpiece, or a 
separate holder arrangement with spikes that engage the support surface 1 12 can be used to 
prevent lateral movement of the workpiece 20 when the angled orifice 50 is being formed. The 
stop members can include a generally planar support surface connected to two wall surfaces 
extending generally parallel to the longitudinal axis Y-Y to form a workpiece holder, which wall 
surfaces can define a circular or polygonal perimeter to constrain the workpiece from lateral 
movements. Preferably, the workpiece is a blank strip of material having a length longer than its 
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width with at least two lateral sides extending generally parallel to each other so that stop members 
can engage the respective lateral sides. In the preferred embodiment, the stop members are 
arranged on the lateral sides extending generally parallel to the longitudinal axis Y-Y. 
[0035] Throughout the punching process of the angled orifice 50, several characteristics of an 
angled orifice 50 can be seen in Figures 4A-4G. Referring to Figure 4A, the angled orifice 50 is 
depicted with wall surfaces 52 and 54 extending between the generally planar surfaces 30 and 40. 
The surface area A 50 of the orifice 50 can be generally equal to the cross-sectional area of the body 
10 of the punch tool 100, which is preferably 7.85X10" 4 square inches. When the pilot portion 14 
of the punch tool 100 has penetrated into a volume of material between the first surface 30 and the 
second surface 40, a first surface characteristic of the orifice 50 can be observed in Figure 4C 
(shown without the punch tool for clarity). The surface on which the volume of material is 
displaced (e.g., compressed or plastically yielded) from the first surface 30 has a first surface area 
A 52 of generally approximately V4 of the orifice surface area A 5 o- A wall 52 can be formed so that 
when measured with a virtual plane 15d contiguous to the surface 30, an acute angle p can be 
formed (Figure 4B). The orifice at this stage has a first impression 32 defined by wall surfaces 52 
surrounding the first surface area A 52 connected to a transition surface 56 that is connected to the 
first generally planar surface 30. 

[0036] As the punch tool 100 is further extended into the material of the workpiece 20 as depicted 
in Figure 4D, the surface area on which the punching force Fp is being distributed is increased in a 
generally linear manner between the initial penetration to partial penetration of the surface 30 due 
to the presence of the transition portion 16. At this point, another surface characteristic of the 
orifice 50 can be observed in an isometric view of Figure 4E (shown without the punch tool for 
clarity). A second impression 34 in the surface 30 is now formed in addition to the first 
depression. The second depression 34 has wall surface 54 extending at an obtuse angle p relative 
to a fourth virtual plane 15d. Thus, two spaced-apart depressions or impressions 32 and 34 are 
formed in sequence during the process of reforming portion of the volume of material of the 
workpiece 20 to stamp or punch-forming the angled orifice. 
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[0037] As the punch tool 100 is yet further extended into the volume of material of the workpiece 
20, the first and second depressions 32 and 34 become a single continuous depression 36. Finally, 
as the punch tool 100 is extended entirely through the second surface 40, this single continuous 
depression 36 becomes the angled orifice 50 with a continuous wall surface depicted in a cross 
sectional view of Figure 4F as walls 52 and 54. 

[0038] Thus, the preferred punch tool, retention arrangement, and method are believed to be 
advantageous because the service life of the punch tool is significantly longer as compared to the 
known punch tool and clamping arrangements. Consequently, the punching operation utilizing the 
preferred embodiment of the punch tool and retention arrangement can be more efficient. 
[0039] While the present invention has been disclosed with reference to certain embodiments, 
numerous modifications, alterations and changes to the described embodiments are possible 
without departing from the sphere and scope of the present invention, as defined in the appended 
claims. Accordingly, it is intended that the present invention not be limited to the described 
embodiments, but that it has the full scope defined by the language of the following claims, and 
equivalents thereof. 
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